Introduction {#Sec1}
============

Mycotoxins are fungal secondary metabolites present in 25% of the grains produced worldwide (Santurio [@CR27]). The exposure to these secondary metabolites occurs through the ingestion of contaminated products, leading to a number of serious health problems, including immunosuppression and carcinogenesis (Keller et al. [@CR20]).

Reactive oxygen species (ROS) are associated to several molecular changes on cellular components, resulting in cellular morphology and viability alterations. High levels of ROS may promote cell oxidative damage, such as DNA injury, protein oxidation and lipid peroxidation (Zhang et al. [@CR32]).

Acetylcholinesterase (AChE) is an enzyme present in the lymphocytic membrane and cytoplasm responsible for regulating acetylcholine (ACh), which modulates the activation and differentiation of lymphocytes via extraneuronal cholinergic system (Wessler and Kirkpatrick [@CR30]). The ACh released by lymphocytes may have immunomodulatory action through muscarinic or nicotinic ACh receptors (Kawashima and Fujii [@CR19]). Since the interaction between ACh and its receptor depends on the catalytic efficiency of AChE, the activity of this enzyme can be used as a rate of the cholinergic function because changes in its activity may indicate alterations in the availability of ACh receptors (Bennedito [@CR4]).

Mycotoxins can induce genotoxic and cytotoxic effects and may be associated to cellular oxidative stress; consequently, the lipid peroxidation induced by mycotoxins could alter the AChE activity. In order to determine and compare the mycotoxin cytotoxicity, lymphocytes of broiler chickens were incubated *in vitro* with different concentrations of ochratoxin A, deoxynivalenol and zearalenone mycotoxins. Lipid peroxidation levels were analyzed using thiobarbituric acid-reactive species (TBARS) test, and AChE was quantified.

Materials and methods {#Sec2}
=====================

Reagents {#Sec3}
--------

All reagents used in the experiments were of analytical grade and of the highest purity: acetylthiocholine iodide, 5,5'-dithio-bis-2-nitrobenzoic acid, tris-(hydroxymethyl)-aminomethane GR, Coomassie brilliant blue G, RPMI 1640 cell culture medium, fetal bovine serum (FBS), penicillin and streptomycin (Sigma Chemical Co., St. Louis, MO, USA).

Mycotoxins {#Sec4}
----------

The mycotoxins used were ochratoxin A (OTA), deoxynivalenol (DON) and zearalenone (ZON) (Sigma Chemical Co., St. Louis, MO, USA). They were solubilized in ethanol (5%) at concentrations of 0.001, 0.01, 0.1 and 1 μg/mL and were added to lymphocyte cultures for respective assessment.

Cells and culture {#Sec5}
-----------------

Lymphocytes were isolated from broiler chicken blood in accordance with the guidelines for the ethical conduct in the care and use of animals of Universidade Federal de Santa Maria (UFSM), Brazil. The blood pool was collected from jugular vein of 45-day-old Coob 500 lineage poultry using Falcon conical tubes with 10% EDTA, and the cell isolation technique was performed through density gradient centrifugation as described by Boyum ([@CR7]). After the counting of cells in a Neubauer chamber, stained with trypan blue 0.1%, concentrations of 0.7 × 10^5^ lymphocytes/mL were cultured in RMPI 1640 medium, supplemented with 10% FBS and 2.5 IU/mL penicillin/streptomycin and maintained at 37°C in 5% CO~2~. The suspension of cells was placed in 96-well plates and maintained in exponential growth (80% confluence). Each mycotoxin (20 μL) was added to the cell cultures at different concentrations (0.001, 0.01, 0.1 and 1 μg/mL), and the analysis were carried out 24, 48 and 72 h post incubation.

Sample preparation and protein determination {#Sec6}
--------------------------------------------

The number of cells was measured by counting in a Neubauer chamber. Lymphocytes were washed in phosphate buffer (3X), centrifuged for 10 min (1.400 rpm), and then the supernatant was discarded. The pellet was resuspended in Hanks\' Balanced Salt Solution (HBSS) to a final protein concentration of 0.1 to 0.2 mg/mL. Protein concentration was determined by the Coomassie blue method (Bradford [@CR8]), using bovine serum albumin as a standard.

AChE activity in lymphocytes {#Sec7}
----------------------------

The AChE activity was measured by adapting the technique described by Ellman et al. ([@CR10]) and modified by Fitzgerald and Costa ([@CR12]) to evaluate it in lymphocytes. Briefly, 0.2 mL of each sample was added to a solution containing 1.0 mM acetylthiocholine (AcSCh), 0.1 mM 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) and 100 mM phosphate buffer (pH 8.0). Absorbance was read on a spectrophotometer at 412 nm. HBSS was used as a negative control. AChE values were calculated from the AChE activity and the protein content, and results were expressed as nmol of h/mg of protein.

Lipid peroxidation {#Sec8}
------------------

Cell lipid peroxidation was measured using TBARS levels, as described by Jentzsch et al. ([@CR17]). Results were obtained by spectrophotometry at 535 nm and expressed as nmol of MDA/mg of protein.

Statistical analysis {#Sec9}
--------------------

Differences between the treated groups were determined by one-way ANOVA followed by the Newman-Keuls post test, considering P \< 0.05 as a level significance. The experiment was replicated twice, and the samples were measured in triplicate. Results were expressed as mean ± standard error of the mean.

Results {#Sec10}
=======

Ochratoxin A {#Sec11}
------------

After the incubation with OTA mycotoxin, lymphocytic cells showed an increase in malondialdehyde (MDA) production when compared to the control group, which resulted in higher lymphocyte cytotoxicity in a dose-responsive manner in 0.01 μg/mL (15.00 ± 0.57 and 39.26 ± 6.72), 0.1 μg/mL (17.73 ± 1.04 and 42.09 ± 2.41) and 1 μg/mL (24.42 ± 6.21 and 47.86 ± 4.71) concentrations analyzed in the first 48 h. However, the OTA concentration of 0.001 μg/mL did not induce significant MDA levels in lymphocytic cells until 48 h. At 72 h, there was a decrease of these levels, representing lower cell oxidative stress, with the exception of the cells incubated with the concentration of 1 μg/mL (32.97 ± 3.03) (P \< 0.05). The 0.1 μg/mL concentration induced the lowest MDA levels (15.43 ± 1.31) in the cells 72 h post-incubation (P \< 0.05) (Figure [1](#Fig1){ref-type="fig"}).The AChE analysis revealed an increase in the enzymatic activity in lymphocytes incubated with OTA 24 h post-incubation fort all concentrations when compared to the control group (P \< 0.05). After 48 h, only the lymphocytes incubated with the concentration of 0.001 μg/mL did not demonstrate significant levels of AChE. After the full period of analysis, this increase remained only in the cells incubated with the concentration of 1 μg/mL (4.82 ± 0.57) (P \< 0.05) (Figure [2](#Fig2){ref-type="fig"}).Figure 1**Malondialdehyde levels in broiler chickens lymphocytes exposed to ochratoxin A at concentrations of 0, 0.001, 0.01, 0.1 and 1 μg/mL at 24, 48 and 72 h. P \< 0.05 (\*).**Figure 2**Acetylcholinesterase activity in broiler chickens lymphocytes exposed to ochratoxin A at concentrations of 0, 0.001, 0.01, 0.1 and 1 μg/mL at 24, 48 and 72 h. P \< 0.05 (\*).**

Deoxynivalenol {#Sec12}
--------------

Regarding MDA levels in lymphocytes incubated with DON, there was an increase in the lipid peroxidation level observed in all concentrations after 24 h of incubation in comparison with the control group (P \< 0.05). After 48 h, cell oxidative damage was observed only at the highest concentration, 1 μg/mL (45.35 ± 6.31), whereas at 72 h, there was a decrease in the oxidative stress level in the cells incubated with the concentrations 0.001 μg/mL (16.50 ± 0.86), 0.01 μg/mL (14.65 ± 0.27) and 0.1 μg/mL (16.26 ± 1.74) (P \< 0.05) (Figure [3](#Fig3){ref-type="fig"}).The AChE evaluation at 24 h demonstrated an increase of the enzymatic activity in the cells incubated with DON at all concentrations when compared to the control group (P \< 0.05), and those incubated with 1 μg/mL mycotoxin concentration presented the highest AChE activity (11.08 ± 0.50) (P \< 0.05). After 48 and 72 h, only the lymphocytes incubated with 1 μg/mL mycotoxin concentration presented significant levels of AChE activity, represented respectively by 4.37 ± 0.43 and 4.07 ± 0.69 (P \< 0.05) (Figure [4](#Fig4){ref-type="fig"}).Figure 3**Malondialdehyde levels in broiler chickens lymphocytes exposed to deoxynivalenol at concentrations of 0, 0.001, 0.01, 0.1 and 1 μg/mL at 24, 48 and 72 h. P \< 0.05 (\*).**Figure 4**Acetylcholinesterase activity in broiler chickens lymphocytes exposed to deoxynivalenol at concentrations of 0, 0.001, 0.01, 0.1 and 1 μg/mL at 24, 48 and 72 h. P \< 0.05 (\*).**

Zearalenone {#Sec13}
-----------

The lowest concentrations of mycotoxin (0.001 and 0.01 μg/mL) caused an increase in MDA levels (30.00 ± 2.88 and 29.18 ± 2.76, respectively) in lymphocytic cells at 24 h (P \< 0.05), whereas the 0.1 μg/mL concentration caused an increase at 48 h (41.01 ± 3.92) (P \< 0.05), when compared to the control group. A significant increase in MDA levels was not observed at 72 h, indicating that the oxidative stress was a resulted of the natural process of cellular oxidation, as observed in the control group (Figure [5](#Fig5){ref-type="fig"}).The AChE analysis demonstrated an increase of the enzymatic activity in cells incubated with ZON at 1 μg/mL concentration at 24 h (3.41 ± 0.77) (P \< 0.05) and, at 0.1 (3.18 ± 0.34) and 1 (2.38 ± 0.23) μg/mL concentrations at 48 h (P \< 0.05). At 72 h, all concentrations of ZON caused an increase of the AChE activity in comparison to the control group (P \< 0.05) (Figure [6](#Fig6){ref-type="fig"}).Figure 5**Malondialdehyde levels in broiler chickens lymphocytes exposed to zearalenone at concentrations of 0, 0.001, 0.01, 0.1 and 1 μg/mL at 24, 48 and 72 h. P \< 0.05 (\*).**Figure 6**Acetylcholinesterase activity in broiler chickens lymphocytes exposed to zearalenone at concentrations of 0, 0.001, 0.01, 0.1 and 1 μg/mL at 24, 48 and 72 h. P \< 0.05 (\*).**

Discussion {#Sec14}
==========

Oxidative stress is a term used to define the outcome of an imbalance between the prooxidant (ROS) and antioxidant molecules, which results in wide range cell damages. In order to assess oxidative stress, methods that quantify peroxidation products and antioxidant agents are available (Hassen et al. [@CR15]). MDA was chosen as a parameter of oxidative stress and cellular injury in this study because it is an end-product of the lipid peroxidation, which is one of the cellular pathways involved in oxidative damage and it is associated to cytotoxicity induced by mycotoxins (Abid-Essefi et al. [@CR2]).

Despite the effect of the cholinergic system on lymphocytes remains unclear, the demonstration of the existence of cholinergic markers in lymphocytes may help assess the importance of the cholinergic system as a possible regulator of the immune system (Tayebati et al. [@CR29]). In addition to performing lipid peroxidation analysis, this study also evaluated the *in vitro* AChE activity in lymphocytes of broiler chickens after incubation with different concentrations of OTA, DON and ZON mycotoxins.

The evaluation of AChE activity revealed DON to be more cytotoxic to the lymphocytes of broiler chickens than OTA and less cytotoxic than ZON. The lymphocytic cells added to 1 μg/mL DON concentration presented the highest levels of AChE activity, and the same result was also observed in the AChE activity analysis post-incubation with OTA.

According to Paterson and Lima ([@CR26]), the probable primary biochemical lesions and early cellular events leading to toxic cell injury or cellular deregulation associated with OTA exposure would be in the following sequence: disruption of phenylalanine metabolism, reduction of PEPCK (phosphoenolpyruvate carboxykinase), reduction of gluconeogenesis and cell death. The cell death may occur by two alternative routes: through metabolic activation, inhibition of protein synthesis (DNA) and apoptosis, or through the alteration of membrane permeability and disruption of calcium homeostasis, leading to cell deregulation. These cellular events could explain the process that occurred mainly in the first 48 h of this study, but they do not justify the decreased oxidative stress levels at 72 h.

The decrease of OTA lipid peroxidation levels within 72 h was similar to that observed in cells incubated with DON, suggesting a compensatory mechanism that is indicative of an autoregulatory process in these immunological cells. According to the study of Kamimura et al. ([@CR18]), ACh stimulates nitric oxide synthesis in CCRF-CEM cells (Human T cell lymphoblast-such as cell line), which could be related to increased cytotoxicity. The relation between ACh and AChE is inversely proportional, which means that the higher the activity of AChE, the lower the amount of acetylcholine available in the cell. Thus, unlike the study by Kamimura et al. ([@CR18]), our study found no relation between the activity of AChE with decreased lipid peroxidation 72 h post-incubation of lymphocytes of broiler chickens with OTA and DON, since the cells did not show significant levels of the enzyme.

Klarić et al. ([@CR22]) observed that OTA at 5 μg/mL induced high levels of stress oxidative in porcine kidney PK15 cells at 24 h, with further significant increase after 48 h exposure, whereas the other concentrations analyzed, 0.5 and 0.05 μg/mL, showed no significant results. Our study demonstrated similar OTA sensitivity to a primary culture of lymphocytes of broiler chickens, but at lower concentrations.

DON has been reported to induce lipid peroxidation using Caco-2 cells (Kouadio et al., [@CR23]) and elevate TBARS levels in a dose-responsive manner in human hepatoma HepG2 cells (Zhang et al., [@CR32]). This production of radical species associated to oxidative stress could cause DNA injury. The same dose-responsive manner showed by the study of Zhang et al. ([@CR32]) was demonstrated in our study only in the first 24 h of analysis.

According to Bondy and Pestka ([@CR5]), trichotecenes affect the humoral immunity and can act as either stimulators or suppressors of the immune system based on some variables such as the dose, frequency and the time of exposure. In this study, DON demonstrated lower cytotoxicity through lipid peroxidation and higher enzymatic inhibition than did OTA. Compared to zearalenone, DON caused higher lipid peroxidation and lower enzymatic inhibition.

Several studies have demonstrated the cytotoxic effects of ZON, such as the inhibition of cellular proliferation and synthesis of macromolecules in different cell lines (Severino et al. [@CR28], Abid-Essefi et al. [@CR2]), induction of lipid peroxidation, and cell death (Abid-Essefi et al. [@CR2]). Moreover, genotoxic effects such as apoptosis induction, production of DNA fragmentation (Abid-Essefi et al. [@CR1], Kim et al. [@CR21]) as well as micronuclei (Ouanes et al. [@CR25]) and chromosome aberrations (IARC International Agency for Research on Cancer [@CR16], Ouanes et al. [@CR25]) have also been presented.

In poultry, the hepatic biotransformation of the mycotoxin ZON results in the main product β-zearalenol (β-ZOL) (Gajęcki et al. [@CR14]), which is considered an inactivation reaction (Fitzpatrick et al. [@CR13]; Leffers et al. [@CR24]), since β-ZOL is generally three times less estrogenic than α-ZOL (Wyatt [@CR31]). In our *in vitro* study, the ZON analysis in lymphocytes of broiler chickens demonstrated lower cytotoxicity in comparison to the other mycotoxins assessed, since the cells used in our study were not specifically target for ZON. This result was in agreement with the data previously obtained in CHO-K1 cells (Cetin and Bullerman [@CR9], Ferrer et al. [@CR11]) and in other cell lines (Hassen et al. [@CR15], Ayed-Boussema et al. [@CR3], Bouaziz et al. [@CR6]). Nevertheless, Abid-Essefi et al. ([@CR2]) showed that ZON induced oxidative damage by enhancing lipid peroxidation on nonspecific target cell line Vero and Caco-2 cells, since the mycotoxin increased MDA formation in a concentration-dependent manner.

Conclusions {#Sec15}
===========

*In vitro* cell culture assays have contributed to mycotoxin research through supplementary information on biochemical mechanisms of cytotoxicity of these metabolites. In the assessment of MDA levels and the consequent lipid peroxidation in lymphocytes of broiler chickens exposed to different concentrations of mycotoxins *in vitro*, cytotoxicity was presented in the following order: OTA \> DON \> ZON. In relation to the enzymatic activity of AChE, the cytotoxicity assessment was ZON \> DON \> OTA. The inversely proportional relation of the cytotoxicity assessment of mycotoxins between lipid peroxidation and AChE activity suggests that the higher the enzymatic activity, the lower the cellular oxidative stress. Nevertheless, this effect did not occur at 1 μg/mL concentration because OTA and DON mycotoxins showed to induce the highest levels of cellular oxidative stress at most of the time points as well as the highest levels of AChE activity.

Regarding OTA and DON mycotoxins, it is important to emphasize that in the final period of assessment, 72 h, there was a decrease in the MDA levels of the lymphocytes of broiler chickens. However, this effect was not observed in cells incubated with the concentration 1 μg/mL, which resulted in less cellular oxidative stress in comparison with the initial periods of 24 and 48 h, suggesting the action of a compensatory mechanism in these cells.
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